A fundamental study on fracture mechanisms of concrete-piles under both cyclic and monotonic loadings is performed by using acoustic emission techniques. Full-scale prestressed high-strength concrete piles are subjected to bending and shear loadings. Growth of cracks is monitored by AE, and three-dimensional AE source location is conducted together with identification of crack. These results are compared with results of the pile integrity tests (PIT) and visual observation. It leads to the conclusion that damage inspection by AE is more effective than by PIT in the case where open cracks due to loading would close under unloading. The crack widths evaluated by AE were remarkably compatible to the results of the wave velocity test.
INTRODUCTION
The Great Hanshin Earthquake badly hit Japan in 1995. After the quakes, it becomes important to investigate the integrity of structures at the disaster area. Investigation of the superstructure is easily conducted by visual observation, whereas that of substructure, especially pile-foundations installed in deep bearing strata, is substantially difficult. In the pile-foundations, damage degree has been discussed based on existence of cracks, and width of crack, although the relation between them has still unsolved. Even in the technique for investigating cracks, promising techniques have not yet developed. So far, there exist a few methods to investigate the crack conditions of the piles. The pile integrity test (PIT)', which is a sort of the impact-echo test, has been widely applied2). Originally PIT was developed as a test for quality control of piles after completion to check the sufficiency of design lengths. To apply longer piles, instrumentation of PIT is modified for lower frequencies less than 1 kHz. As a result, an applicability of PIT is not yet confirmed to investigate integrity of long piles. Acoustic emission (AE) is known as elastic waves related directly to fracture. As for the fracture process of concrete-piles, AE signals due to both crack initiation and crack growth could be observed3). In damaged concrete-piles, it is also expected that secondary AE signals due to fretting at existing crack surfaces would be released. Paying attention to the secondary AE signals, an applicability of the AE technique to diagnosis of concrete-piles has been examined4),5). Because the previous paper mainly discussed the applicability of the technique to actual piles, fundamental studies on characteristics of AE waves due to fracture of piles have not been examined. In this report, a fundamental study on fracture mechanisms of the concrete-piles under both cyclic and monotonic loadings is carried out by applying AE technique. Full-scale prestressed high-strength concrete (PHC) piles are subjected to both bending and shear loads. Growth of cracks is monitored by AE, and three-dimensional AE source locations are performed, along with crack classification and crack orientation by SIGMA (simplified Green's function for moment tensor analysis)6),7). These results obtained are compared with those of PIT. An applicability of AE to evaluation of structural integrity in concrete-piles is demonstrated.
EXPERIMENT
(1) Specimens and damage level Fracture tests were carried out on PHC piles under cyclic and monotonic loadings of both bending and shear. In the cyclic loadings, five loading cycles in the bend and two loading cycles in the shear are repeated. A typical cyclic load application in the bend is shown in Fig. 1 . The piles with controled two damage levels of "light" and "heavy" were prepared.
Note that the light damage corresponds to the stage where cracks opened due to loading, while close under unloading. In contrast, the heavy damage corresponds to the stage where crack would not close even under load-free conditions. Table  1 summarizes the failure type, the loading pattern and the damage level of concrete piles. Concrete-pile of PHC (pretensioned spun high strength concrete piles) type B, which is commercially available, was subjected to the test. The concrete-pile was made of high-strength concrete and pretensionreinforcements based on JIS A 5337, which has dimensions 7m long with 400 mm in outer diameter and 270 mm in internal diameter as shown in Fig. 2 . Ten steel bars to give effective prestress 7.85 NI mm2 are set equally spaced of 167.5 mm circumferenctially in radius. Mixture proportions of water (W): cement (C): sand (S): gravel (G) is 163: 400: 740: 980 by weight in concrete. The concrete-piles were firstly cured in steam, and they were further cured in autoclave. Mechanical properties of the concrete-pile are shown in Table 2 .
(2) AE monitoring system and PIT Fig. 3 illustrates the setup for bending and shear fracture tests and arrangements of AE sensors. In the figure, distances in the vertical direction are denoted in circumference. Both bending and shear loads were applied by four-point loading. Here, the shear failure was generated by locating the supports close to the loading points. Thus, it was expected that the bending failure would be generated at the zone between the loading points, while the shear failure would appear at the zone between the loading points and the supports. A six-channel LOCAN 320 AE system (PAC) was used for the measurement of conventional AE parameters. AE signals detected by Since the moment tensor analysis requires a set of six AE waveforms recorded by six independent channels for each AE event, a TRA-212 system (PAC) with six TRA cards was employed. Six AE sensors were properly placed on the pile surface as shown in Fig. 3 . For bending tests, AE sensors were set in the middle zone between loading points, while AE sensors were placed between the supports and the loading points for shear tests. A pile integrity test (PIT) was performed by using IT-system (IFCO), where impact and sensor locations of one pile-end were required. An accelerometer was set on the one end of the pile, and a hammer was hit at the other end. These locations, which resulted in the most sensitive locations for damage evaluation in PIT, are also shown in Fig. 2 .
To set the accelerometer, a putty-couplant was used to have good contact between the transducer and the pile.
RESULTS AND DISCUSSION
(1) Kaiser effect under cyclic loading Fig. 4 shows a relation between cumulative AE hits and the load applied. In pile M2, five loading cycles were repeated, and two loading cycles were applied in pile S3. Dotted lines in the graphs show the loads where the surface cracks were firstly observed, and open circles indicate maximum crack widths observed at the peak loads. In the case of pile M2, approximately 115 kN is the load where cracks start to be observed. In contrast, the onset of visible cracks is over 500 kN in pile S3. From a relation between the previous load (Pr) and the load (Pa) where AE starts to increase at each loading stage, Felicity ratio (P/P) is obtained as given in Table 3 , where "cumulative AE ratio" means the ratio of the accumulation of AE hits under loading to that of unloading. When the piles generates a number of critical microcracks under up-loaing, active AE generation under unloading is expected due to the slip between reinforcement and the concrete or the friction between crack interfaces. In the next loading, AE activity is also expected from lower stress level than the previous maximum loads due to new crack propagation. In contrast, AE activity in the piles of few microcracks is considered to be stable and low at low stress level8). Then, Felicity ratio, which is also called as CBI ratio9) when applying to concre beam, smaller than one corresponds to the damaged state, while the ratio greater than one indicates the sound state. In the AE activity under unloading, several qualititive treatments have been reported9), however, a quantitative treatement has not been so far introduced.
Thus, in this paper, one quantitative method "cumulative AE ratio" ratio of the accumulation of AE hits under loading to that of unloading, is proposed. In the case of pile M2, Felicity ratio becomes smaller than one during the third loading. This implies that the pile was damaged during the second loading cycle. The cumulative AE ratio at the second loading cycle is 0.88, which means that AE events were comparably generated during the unloading to the loading. Because activity of AE hits under unloading represents unstable states, the damage estimated from Felicity ratio agrees quite well with the results of the cumulative AE ratio. Thus, it is noted that the cumulative AE ratio is also effective for the damage evaluation. As for detectable minimum crack width, the AE technique found that it ranges 0.08-0.30 mm. In the following third and forth loadings, the same trends on both Felicity ratio and the cumulative AE ratio are observed. As for the pile S3, the detectable minimum crack width by Felicity ratio ranges 0.15-0.20 mm, and it also agrees well with the result of the cumulative AE ratio in the first cycle. Accordingly, it leads to the fact that the width for the initiation of unstable cracks ranges 0.08-0.30 mm for bending, and ranges 0.15-0.20 mm for shear in PHC piles. The ultimate crack width has been elsewhere discussed in reinforced concrete to), 11) They reported that
Kaiser effect started to break down and high AE activities were observed after the opening width of surface crack exceeded 0.12-0.20 mm. Thus, their results on the ultimate crack width of reinforced concrete are in good agreement with our results for prestressed concrete. In the PHC piles, it is known that a crack width smaller than 0.5 mm under loading would close due to unloading12). It implies that it may be difficult to evaluate structural integrity of the PHC piles from only the surface crack width. By Felicity ratio and the cumulative AE ratio, structural integrity of the PHC piles can be evaluated.
(2) Moment tensor analysis To classify crack types and to determine the crack orientation, a moment tensor analysis for quantitative AE waveform analysis was applied. AE data sets consisting of six AE waveforms were recorded during the tests. SIGMA code was applied to analyze the set of the AE waveforms. From SIGMA analysis, shear ratio (x)13), source location and crack orientation are obtained. Here, a pure shear crack corresponds to the case x =100 percent, where the displacement discontinuity vector is perpendicular to the vector normal to the crack surface. In contrast, a pure tensile crack corresponds to the case x = 0 percent, where the discontinuity vector is parallel to the normal vector. From the values shear ratio x, tensile cracks were determined as AE events with the shear ratio smaller than 40%. Mixed-mode cracks were of those between 40% and 60%, and shear cracks were of thoese greater than or equal to 60%. The tensile cracks are indicated by arrow symbol (H), the orientation of which corresponds to the crack opening direction. The shear cracks and the mixed-mode cracks are denoted by cross symbol (+). Source location is affected by several factors such as wave velocity, anisotoropy of the velocity, sampling rate of wave, crack conditions and so forth. In the case of wave velocity 4000 m/s and samling rate 1 MHz, for example, the error of source location would be smaller than 4 mm. Fig. 5 shows the results of AE source locations, crack classification and crack orientation with traced surface cracks at several stages of the bending tests. Fig. 6 shows those of the shear tests. In these figures, AE sources are projected onto the pile surface. In pile M 1 resulted in heavily damaged due to cyclic bending load, microcracks are initially generated in the right side of the specimen as shown in M 1 (a), which are observed as the visible crack shown in M 1 (b). Eventually cracks spread in whole area as shown in Ml (c). In pile M2, microcracks are first observed around the bottom side of the specimen as shown in M2 (a). Then, microcracks are intensively generated in the middle part of the specimen as visible cracks. Finally, the microcracks disperse. In pile M3 resulted in lightly damaged due to monotonic bending load, cracks are observed throughout the specimen as shown in M3 (a) and M3 (b).
In pile 51 resulted in heavily damaged due to monotonic shear load, microcracks are initially observed between the support and the loading point as shown in S i (a). With load increase, the microcracks are spread in whole monitoring area as shown in 51 (b) and S 1 (c). As for the crack classification, shear cracks are observed close to principle cracks in the center of the monitoring area, while tensile cracks surround these shear cracks.
In pile S2 resulted in heavily damaged due to monotonic shear load, tensile cracks are first generated in the right side of the observed area as shown in S2 (a), and then shear cracks are observed in the left side as shown in S2 (b). In cases of S 1 and S2 resulted in heavily damaged due to shear load, shear cracks are macroscopically generated between the supports and the loading points. Actually, cracks due to bending are first observed directly below the loading points, and later the diagonal shear cracks Table 3 Chart of Felicity ratio and cumulative AE ratio in typical results of bending and shear. appear between the supports and the loading points.
In pile S3 resulted in lightly damaged due to monotonic shear load, the same trend as heavily damaged piles is observed, although cracks in the left side are not so active as those of heavily damaged.
(3) Pile integrity test PIT was carried out at each loading level as shown in Figs. 7 and 8. Fig. 7 shows results of pile M2 heavily damaged by the bending. The left graphs in the figure exhibit crack traces observed at each loading level. The right sides indicate records of velocity waves with time. The velocity waves are called "reflectogram" in PIT. Because the wave energy is easily attenuated with propagation, signals are amplified by an exponential function. Then, these amplified signals are divided by the input wave velocity. As a result, the amplitude of the waves is shown as the ratio of the relative velocity (RRV) as denoted in the graphs. In PIT, after hitting the pile head with a hammer, an elastic wave propagates through the pile. At the toe of the pile, the elastic wave is partially reflected, propagates back to the pile head and detected by a sensor. When the elastic wave propagates through the pile, another reflection occurs at the locations of damage. A reflected signal at the damaged location is evaluated as _ negative Figs. 7(1) and 8(1) show results of PIT for the pile with no damage. In Fig. 7 (2) , the obvious reflection of the waveform is not observed even though the crack of 0.04 mm width exists at the center. After unloading, reflections of the wave are still not observed. From Fig. 7 (3) to Fig. 7 (7) , clear reflections of the waves are still not found. At the fourth loading shown in Fig. 7 (8) at 170 kN and (9) at 200 kN, reflected waves are evidently confirmed at 1.85 m and 4.26 m, 2.19 m and 4.41 m, respectively. Although these damage locations estimated do not correspond to those of actual cracks, these results can identify the approximate range of the damage. After unloading, reflections of the wave disappear as shown in Fig. 7 (10) . In the fifth loading reaching the final fracture at 236 kN shown in Fig. 7 (11) , obvious wave reflections are observed. After unloading, the pile once reaches the final fracture as shown in Fig. 7 (12) , where distinguished reflections of the wave are found as the same as Fig. 7 (11) . In the pile resulted in heavily damaged due to bending, Fig. 7 Reflectogram of PIT and evaluated damage locations in pile M2 heavily damaged.
(1) M2: Before loading Reflectqram at OkN it is concluded that rough evaluation of the integrity is possible by PIT, although precise estimation of crack locations is difficult. Fig. 8 shows the reflectogram of pile S3 resulted in lightly damaged due to cyclic shear load, obvious wave reflections are not observed until the load reaches 642 kN as shown in Fig. 8 (6) . Even though one crack location is evaluated, it does not agree with the locations of actual cracks. After unloading, there are no wave reflections as shown in Fig. 8 (9) . In the case resulted in lightly damaged due to the shear load, it is concluded that an application of PIT to the diagnosis is not easy as similar to the case of pile which did not reach final failure due to the bending load shown from Fig. 7(1) to Fig. 7 (10) .
From the results of PIT in the bending tests, cracks are not successfully identified up to the loading level after 236 kN in the forth loading where the crack width reaches 1.4 mm. As for AE results in the same pile, the loading level giving unstable state of the pile exists between the second unloading and the third loading where the maximum crack width is between 0.08 mm and 0.30 mm. It implies that AE is much more sensitive than PIT to evaluate the damage of piles.
(4) Wave velocity
In the case of PIT, when wave reflections from the toe of the pile are observed, wave velocity can be estimated from the relation between the pile length and the propagation time. Fig. 9 shows relations between the wave velocities and the measured crack widths in piles Ml and S2. For the pile Ml subjected to bending load, the velocity starts to drop at crack width of 0.08 mm, and further decreases up to the crack width around 0.2 mm. For the pile S2 subjeccted to shear loading, the maximum crack width is smaller than that of the bending. However, onset of the velocity decrease is the same as the bending, and the width where the velocity significantly decreases is identical. In contrast, crack widths that show unstable state evaluated from Felicity ratio and the cumulative AE ratio are 0.08-0.30 mm for the bending and 0.15-0.20 mm for the shear loadings, respectively. Thus, the results of AE agree quite well with those of the wave velocity.
Consequently, when the wave velocity in intact state of the concrete-piles is known, the wave velocity can provide useful information on the pile integrity, although the precise estimation of damaged locations are very difficult. In the case of the accurate investigation of crack condition, which is essential for repair works, the AE technique would be more promising.
CONCLUSIONS
A fundamental study on fracture mechanisms of full-scale prestressed high-strength concrete (PHC) piles under both cyclic and monotonic loadings was carried out by applying AE technique. Also applying PIT, the applicability of both techniques to damage diagnosis was discussed. The results lead to the following conclusions:
(1) The crack width of unstable failure evaluated by AE technique ranges 0.08-0.30 mm for the bending load, while that ranges 0.15-0.20 mm for the shear Fig. 8 Reflectogram of PIT and evaluated damage locations in pile S3 lightly damaged.
(1) S3: Before Loading load. These results on the crack width were compatible to those of reinforced concrete.
(2) Because cracks in PHC piles of the width smaller than 0. 5 mm under loading would close after unloading, it is difficult to evaluate structural integrity of the piles from only the width of surface crack. By Felicity ratio and the cumulative AE ratio, structural integrity of the PHC piles can be evaluated.
(3) In the heavily damaged piles due to bending, rough evaluation of the integrity by PIT is possible, whereas precise estimation of crack location is not easy. (4) In the lightly damaged piles due to both shear and bending, PIT is not readily applicable to the evaluation of structural integrity. (5) To evaluate the damage of piles, AE was much more sensitive than PIT. In addition, AE results were in good agreement with those of the wave velocity. 
